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The aim of this work was to study the regulation of respiration and energy
fluxes in permeabilized oxidative and glycolytic skeletal muscle fibers. Despite
certain similarities of mitochondrial organization into Intracellular Energetic
Units (ICEUs), different muscle types have distinct metabolic pattern with
specific regulatory mechanisms of mitochondrial respiration. In this work we
measured ADP fluxes through mitochondrial outer membrane (MOM) in per-
meabilized fibers oxygraphically using pyruvate kinase - phosphoenolpyruvate
system for trapping ADP produced in mitochondrial creatine kinase localized
behind MOM. These fluxes were high in permeabilized fibers from glycolytic
muscles and very low or absent in soleus muscle fibers and cardiac myocytes.
These results indicate that the permeability of voltage-dependent anion channel
(VDAC) in MOM correlates with the apparent Km for ADP in regulation of res-
piration. In cardiac cells, the MOM permeability seems to be regulated by the
interaction of VDAC with cytoskeletal protein bII tubulin. To ascertain the role
of this protein in skeletal muscles we visualized the localization pattern of bII
tubulin together with mitochondrial protein VDAC immunocytochemically.
We used the Metabolic Control Analysis to evaluate the Flux Control Coeffi-
cients of the respiratory chain complexes (I,III, IV), ANT, ATP synthase,
and MtCK in permeabilized soleus muscle fibers under conditions of respira-
tion stimulated by exogenous ADP and by endogenous ADP produced in acti-
vated MtCK reaction.
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Ca2þ dissociation from troponin causes cessation of muscle contraction, by in-
completely understood structural mechanisms. To investigate this process,
regulatory site Ca2þ binding in subunit TnC’s NH2-lobe was abolished by
mutagenesis, and effects on cardiac troponin dynamics were mapped by
hydrogen-deuterium exchange-MS (HDX). The findings demonstrate the
inter-relationships among troponin’s detailed dynamics, troponin’s regulatory
actions, and the pathogenesis of cardiomyopathy linked to troponin mutations.
Ca2þ slowed HDX up to two orders of magnitude within the NH2-lobe and the
NH2-lobe-associated TnI switch helix, implying that Ca
2þ greatly stabilizes
this troponin regulatory region. HDX of the TnI COOH-terminus indicated
that its known role in regulation involves a partially folded rather than unfolded
structure in the absence of Ca2þ and actin. Ca2þ-triggered stabilization ex-
tended beyond the known direct regulatory regions: to the start of the nearby
TnI helix 1, and to the COOH- terminus of the TnT-TnI coiled-coil. Ca2þ de-
stabilized rather than stabilized specific TnI segments within the coiled-coil,
and destabilized a region not previously implicated in Ca2þ-mediated regula-
tion: the coiled-coil’s NH2-terminal base plus the preceding TnI loop with
which the base interacts. Cardiomyopathy-linked mutations clustered almost
entirely within very dynamic regions of troponin, and many sites were Ca2þ
sensitive. Overall, the findings demonstrate highly selective effects of regula-
tory site Ca2þ, including opposite changes in protein dynamics at opposite
ends of the troponin core domain. Ca2þ release triggers an intra-molecular
switching mechanism that propagates extensively within the extended troponin
structure, suggests specific movements of the TnI inhibitory regions, and prom-
inently involves troponin’s dynamic features.
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Troponin C (TnC), the Ca2þ binding subunit in striated muscle, is central to
regulation of contraction. Crystal structures of skeletal TnC show a rigid, elon-
gated central helix, whereas solution NMR shows it is flexible and unstructured
in the absence of other troponin subunits. In Ca2þ-saturated crystal structures of
troponin complex core domain, sTnC’s central helix is a well-defined, rigid
a-helix, whereas the cardiac TnC isoform reveals a melted helix. This led to
the hypothesis that the structural relationship between the N- and C-terminiof cTnC depends more on interactions with other troponin subunits than
divalent cation binding. We designed a series of novel FRET constructs using
human cTnC, to examine the relative positions of the N- and C-termini upon
divalent cation binding. Full length cTnC was flanked by FRET pairs of fluores-
cent proteins (mCerulean/mVenus, mTurquoise/mNeonGreen, mTurquoise/
cpVenus). FRET was measured in the presence and absence of saturating
Ca2þ and/or Mg2þ. FRET increased substantially and reversibly upon Ca2þ
binding to cTnC. Similar FRET changes were observed upon saturation of the
C-terminus with Mg2þ, suggesting that the structural changes detected are pri-
marily attributable to occupancy of the C-terminal sites. Analytical ultracentri-
fugation (AUC) confirmed that constructs undergo global conformational
changes to a more compact structure upon Mg2þ binding, with further compac-
tionwhenCa2þ occupies all 3 sites of cTnC. In summary: the ends of cTnC come
closer upon binding divalent cations (FRET) yielding a more compact structure
(AUC); the FRET signal is primarily attributed to the C-terminus binding of
Ca2þ or Mg2þ, whereas AUC studies suggest a more compact structure in the
3Ca2þ state compared to the 2Mg2þ state.
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a-Tropomyosin (aTm) is a coiled-coil protein that cooperatively binds actin
filaments and serves as a nodal point in control of Ca2þ-regulated cardiac
muscle dynamics. The protein sequence of aTm consists of heptapeptide re-
peats of the form a-b-c-d-e-f-g, where a and d are generally apolar residues
that mainly determine the stability of the coiled-coil. A highly conserved but
unusual, charged Asp137 residue located in the hydrophobic interface (position
d) is thought to destabilize the coiled coil and impart flexibility to the molecule.
In in vitro and molecular dynamicsstudies, conversion of Asp137 to a more typ-
ical canonical Leu has been reported to alter flexibility of Tm and affect its
function (1, 2). Our 1H-13C HSQC NMR spectra of reductively methylated
aTm may suggest a long-range structural perturbation by the D137L mutation.
In vitro motility assay showed an increase in velocity at saturating [Ca2þ] sug-
gesting a faster ADP-release rate. In addition to our in vitro studies, we inves-
tigated importance of the flexibility of aTm in ejecting hearts with our novel
TG-aTm-D137L mouse model. Functional characterization of TG animals
indicate altered in situ cardiac function with a reduced myofilament response
to Ca2þ, impaired systolic function and induction of a dilated phenotype.
Our results show that altered flexibility causes a global structural change in
aTm and significantly affects its regulatory functions in mice hearts. We sug-
gest that altered cardiac aTm flexibility is an important initial pathophysiolog-
ical alteration in its function.
1. Sumida JP, Wu E, Lehrer SS. 2008. J Biol Chem 283: 6728-34.
2. Moore JR, Li X, Nirody J, Fischer S, Lehman W. 2011. BioArchitecture 1:
250-255.
2297-Pos Board B316
General Vs Quasi-Repeat-Specific Interaction of Tropomyosin with TnI
C-Terminus
Xiangli Meng, Sineej Madathil, Larry S. Tobacman.
University of Illinois at Chicago, Chicago, IL, USA.
Although the atomic structures of actin, tropomyosin, and troponin have been
solved separately, much remains unknown about their assembled structures in
the thin filament. A variety of evidence indicates that the TnI C-terminus inter-
acts with tropomyosin on the actin filament, and this interaction is a critical
aspect of the regulation of muscle contraction. The present report concerns
this TnI-tropomyosin interaction, and suggests that it involves the middle re-
gion of tropomyosin. Tropomyosin is a 40nm coiled coil protein, comprised
of 7 successive quasi-repeating regions. To determine the involvement of these
quasi repeats in TnI binding a panel of tropomysoins was studied in which dif-
ferent quasi repeats were deleted. C-terminal TnI peptide 131-210 (TnI C-term)
had different effects on tropomyosin, depending upon the presence of different
quasi repeats. When all tropomyosin quasi repeats are present, TnI C-term
strengthens tropomyosin-actin binding affinity five-fold. Removal of tropomy-
osin quasi-repeats 2 and 3 diminishes this effect of TnI C-term slightly to
2.7 fold. In contrast, removal of tropomyosin repeats 3 and 4 completely
abolished the TnI C-term effect on tropomyosin-actin binding. The behavior
of tropomyosin missing repeats 2, 3 and 4 is very similar to the behavior of
tropomyosin missing repeats 3 and 4. These findings suggest that in the normal
Tuesday, February 5, 2013 449athin filaments, which contain only one troponin for every tropomyosin, it is
the middle, fourth quasi-repeat of tropomyosin which interacts with TnI
C-terminus.
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Our objective is to directly observe a single troponin (Tn) complex exchange
among its conformational substates. Here, we report experimental conditions
for immobilizing thin filaments (TF) to glass coverslips. TF were reconstituted
from F-actin, tropomyosin (cTm), and cTn, and were sonicated to produce
defined lengths. PEG-functionalized, neutravidin-coated coverslips were
prepared, and biotinylated gelsolin was sparsely immobilized to neutravidin.
TF were captured from solution in a flow chamber, and imaged under
oxygen scavenger solution. Labeled TF cTn(TnC-C89*AF488) (blue), cTm-
C190*AF546 (green), phalloidin*AF647 (red) were assessed by three-color
widefield fluorescence. Colocalization of blue, green, and red confirmed that
thin filaments contained Tn, Tm and actin. The number of dye-labeled cTn
per TF was quantified by the number of photo bleaching events per thin fila-
ment. We used photobleaching to confirm our ability to prepare TF with one
or fewer dye-labeled cTn per filament. These results demonstrate our ability
to reconstitute fluorescent-labeled thin filaments immobilized in PEG-coated
flow chambers.
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Regulation of myocardial contractility is influenced by numerous signaling
agents. One of the key methods for modification of cardiomyocyte function
is phosphorylation of cardiac troponin (cTn), the Ca2þ-dependent regulatory
switch that controls thin filament activation, by isoforms of protein kinase C
(PKC). PKC has been shown to phosphorylate the tropomyosin binding subunit
of cTn (cTnT) at Thr-195, Thr-199, Thr-204 and Thr-285 (rat cTnT). The effect
of these phosphorylations on cTn structure and dynamics remains largely un-
known. To ascertain the site specific effects of PKC phosphorylation of
cTnT on thin filament regulation, pseudo-phosphorylation of cTnT was com-
bined with Fo¨rster resonance energy transfer (FRET) to monitor the transition
between the Ca2þ and Mg2þ states of cTn. Single-cysteine cTnI mutants were
labeled with IAEDENS at either Cys-151 or Cys-167, and a single-cysteine
cTnC mutant was labeled at Cys-89 with DDPM. Different combinations of
mutant cTnT and fluorophore labeled cTnI and cTnC were then incorporated
into reconstituted thin filaments, which were subjected to calcium titrations,
time resolved FRET structural measurements, and stopped flow kinetic mea-
surements. Titrations showed a consistent pseudo-phosphorylation dependent
increase in pCa50 values, and kinetics experiments showed decreased rates
of Ca2þ dissociation in pseudo-phosphorylated mutants. Additionally, Mg2þ
distances between Cys-167 of cTnI and Cys-89 of cTnC were reduced in the
presence of pseudo-phosphorylation. Thus our results suggested that pseudo-
phosphorylation of cTnT leads to sensitization of the Ca2þ-dependent confor-
mational transitions involved in cTn regulatory switching. However, a prior
in situ study demonstrated a pseudo-phosphorylation dependent decrease in
EC50 (JBC vol. 278, pp. 35135-44). These results may suggest PKC mediated
phosphorylation of cTnT may represent a post-translational modification where
cTn regulatory switching is sensitized to Ca2þ, but also partially uncoupled
from Tm movement.
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Mutations in cardiac troponin I (cTnI) that cause hypertrophic cardiomyopathy
(HCM) have been reported to change the contractility of cardiac myofilaments,
but the underlying molecular mechanism remains elusive. In this study, fluores-
cence spectroscopy was used to investigate the specific structural and kinetic
effects that HCM related cTnI mutations R146G/Q and R163W exert on
Ca2þ and myosin S1 dependent conformational transitions in cTn structure
while in the reconstituted thin filament. Fluorescently labeled mutants of
cTnC and cTnI were prepared for this purpose. Ca2þ-induced changes in inter-actions between cTnC and the inhibitory region (cTnIIR) and regulatory region
(cTnIRR) of cTnI were individually monitored using steady-state and time-
resolved Fo¨rster resonance energy transfer, and kinetics were determined using
FRET stopped-flow. It was found that R146G/Q and R163W all changed the
molecular distances between cTnC and cTnIIR and cTnIRR in unique and var-
ious ways. However, kinetic rates of conformational transitions induced by
Ca2þ-dissociation were universally slowed when R146G/Q and R163W were
present, except that R146Q sped up changes in the cTnIRRcTnC interaction.
This explained the universal trend of increased Ca2þ-sensitivity. Interestingly,
the kinetic rates of changes in the cTnIIRcTnC interaction were always slower
than that of the cTnIRRcTnC interaction, suggesting that the flycasting mech-
anism that normally underlies deactivation is preserved in spite of mutation.
Thus our results revealed that R146G/Q and R163W each impact regulatory
switching in their own unique way, but with a common kinetic outcome: the
slowing of thin filament deactivation. Furthermore, R146Q and R163W disrup-
ted the blocked state, causing the thin filament to behave as if it is in the fourth
‘‘pre-relax’’ state of regulation.
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Previously we showed that the familial hypertrophic cardiomyopathy (FHC)
mutation in Tm, E180G, increased the trypsin cleavage rate at R133 and intro-
duced another cleavage site with a similar rate at K233 (Ly & Lehrer, 2012). To
understand how this mutation can produce this dynamically unstable hot spot
53 residues away, we introduced a disulfide crosslink (XL) at C190 and studied
its effect on limited trypsin digestion using MALDI MS and N-terminal
sequencing.
Trypsin digestions at 26 of native disulfide crosslinked (XL) aaTm, FHC
mutant D175N and WT, produced a XL heterodimer intermediate for all, con-
taining one cleaved chain at R133, XL to the full length chain (134-284/1-284)
(50 kDa) as well as the doubly cleaved XL homodimer (134-284/134-284)
(35 kDa). For XL E180G, however, another intermediate was also present
(169-284/1-284) (46 kDa). For native XL aaTm, the cleavage site at K168
was only observed at 40 where the middle of Tm is unfolded. In contrast to
uncrosslinked E180G, where cleavage occurred at residue 233, no cleavage
was observed at residue 233 for crosslinked E180G.
These results show: 1) that in addition to the increased destabilization near
R133 due to the Glu to Gly change at residue 180 in XL E180G, further desta-
bilization occurs in the region near residue 168; 2) the long-range destabiliza-
tion near residue K233 caused by the E180G FHC mutation is inhibited by the
intervening XL. This suggests that interchain dynamics is involved in propagat-
ing the local perturbation at 180G due to the mutation to the K233 region.
Supported by NIH HL 91162.
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We have shown previously that the hypertrophic cardiomyopathy mutant
HcTnC D145E lacks a-helical content compared to WT and confers greater
Ca2þ sensitivity on regulated thin filaments at 21C. We hypothesize that the
functional alterations are caused by protein instability. Here, using spectros-
copy and skinned-fiber assays, we examined the thermodynamic and functional
parameters of HcTnC D145E at physiologically relevant temperatures. Based
on circular dichroism, isolated D145E lost more of its secondary structure
than did WT at high temperatures (30-45C). Melting temperatures Tm for
WT and D145E were 71.850.2 vs 51.550.8C in Mg2þ (1 mM free)þ
EGTA and 78.250.2 vs 55.751.0C in 1 mM free Mg2þ, pCa 4. In 3M
urea (with and without Ca2þ/Mg2þ), D145E lost nearly all secondary structure
at 10C while WT began to unfold only at 45-50C. using bis-ANS, a fluores-
cent probe that binds to hydrophobic surfaces, we found that apoD145E was
structurally more open than WT, while Ca2þ, which opens hydrophobic
pockets in apoTnCWT, had no additional effect on D145E. The Ca2þ affinity
increment (DpCa50) (=pCa50D145E-pCa50WT) of isolated D145E vs WT
